Yields of infectious pancreatic necrosis virus from fathead minnow cell cultures were maximal at 20 °C. The virus failed to replicate at 28 °C and neither virus-specific mRNA nor virus-specific polypeptides could be detected when infected cells were maintained at this temperature. Intrinsic thermolability of virus infectivity or inability to adsorb to cells at 28 °C could not account for the temperature-dependent block in virus morphogenesis. Analysis of infectious virus production and virus-specific polypeptide and RNA synthesis following shifts from the permissive (20 °C) to the non-permissive temperature (28 °C) at various times after infection indicated that multiple temperature-sensitive (ts) steps were involved in the inhibition of virus replication.
INTRODUCTION
Infectious pancreatic necrosis virus (IPNV) is the aetiological agent of a contagious, highmortality disease of young, hatchery-reared salmonid fishes. Virions are unenveloped icosahedrons, approximately 60 nm in diameter, which contain two segments of 14S doublestranded RNA (dsRNA) with molecular weights of 2.5 x 106 and 2.3 x 106 (Dobos, 1976; Macdonald & Yamamoto, 1977) . On the basis of virion morphology and genome size and structure, IPNV is representative of a yet unclassified group of viruses which also includes infectious bursal disease virus of chickens and Drosophila X virus (Dobos et al., 1979) .
In infected cells, three virus-specific RNA species have been identified by polyacrylamide gel electrophoresis (Somogyi & Dobos, 1980) ; the two segments of genomic dsRNA, two nonpolyadenylated 24S mRNAs which correspond to full-length transcripts of the genomic dsRNAs, and a heterogeneous, 14S to 16S, high molecular weight transcriptional intermediate (TRI) . Studies of RNA synthesis by the virion-associated RNA polymerase in vitro (Cohen, 1975; indicated that transcription occurs via a semi-conservative mechanism. In this respect IPNV is similar to other dsRNA-containing viruses such as q~6 (van Etten et al., 1980) and Penicillium stoloniferum virus (Buck, 1978) but is different from reovirus, in which transcription occurs by a conservative mechanism (Banerjee & Shatkin, 1970) .
The genome of IPNV encodes four primary gene products which can be detected in infected cells by polyacrylamide gel electrophoresis (PAGE); these are ICP 90 (infected cell protein, mol. wt. 90000), ICP 57, ICP 29, and ICP 27 (Dobos & Rowe, 1977; Macdonald & Dobos, 1981) . It has recently been shown that the three polypeptides ICP 57, ICP 29, and ICP 27 are encoded by one (the larger) genome segment (Macdonald & Dobos, 1981) , and that translation of each is initiated independently on a single mRNA molecule (Mertens & Dobos, 1982) .
IPNV replicates in the cytoplasm of a variety of cell lines derived from teleost fishes. Optimal yields are obtained at temperatures of 18 °C to 24 °C (Malsberger & Cerini, 1965; Kelly & Lob, 1975; La Bonnardiere et al., 1976; Dorson et al., 1978; Macdonald & Gower, 1981) . This temperature range corresponds closely to the optimal temperature ranges for cell lines derived from salmonids. There are, however, teleost cell lines of non-salmonid origin which support IPNV replication and which grow well at temperatures considerably higher than those which permit IPNV replication. The availability of these cell lines has permitted the study of the effects of supra-optimal temperatures on IPNV replication under conditions which are not stressful for 0022-1317/83/0000-5320 $02.00 © 1983 SGM the cells. In homeothermic systems this is rarely encountered since temperatures which are nonpermissive for virus replication are usually deleterious to the host cell (Zebovitz & Brown, 1967; La Bonnardiere et al., 1976) .
In a preliminary study, La Bonnardiere et al. (1976) determined that IPNV (strain VR 299) grew optimally in EPC (epithelioma papulosum carpio), BB (brown bull-head) and FHM (fathead minnow) cells at 20 °C, but virus replication was completely inhibited at 28 °C. Further analysis of infectious virus production and intracellular RNA synthesis in virus-infected FHM cells led them to hypothesize that a transcriptional event was thermosensitive.
This report describes experiments designed to elucidate further the thermosensitive step(s) in the biosynthesis of IPNV in FHM cells.
METHODS

Cells and viruses.
Chinook salmon embryo (CHSE-214) cells were obtained from R. D. Macdonald, University of Calgary, Calgary, Alberta, Canada. Fathead minnow cells were a kind gift from A. Moore, Fisheries and Oceans Canada, Halifax, Nova Scotia, Canada. Both cell lines were propagated as monolayers in plastic tissue culture vessels (Coming), at 20 °C (CHSE-214 and FHM cells) or 28 °C (FHM cells). CHSE-214 cells were maintained in Eagle's minimal essential medium (MEM) with Earle's salts, supplemented with 5 ~ foetal calf serum (FCS), 5~ newborn calf serum, penicillin (100 U/ml), and streptomycin (100 Ixg/ml). Medium for FHM cells was supplemented with 5~ FCS, 5~ tryptose phosphate broth, and antibiotics.
Six times plaque-purified IPNV (Jasper isolate, serotype 1), also obtained from R. D. Macdonald, was plaquepurified one further time in FHM cells. To produce virus stocks, this virus was passed in FHM cells and then used to infect C HSE-214 cells at a multiplicity of 0-01, followed by incubation at 20 °C until an extensive cytopathic effect was evident (usually 2 to 3 days). This procedure was necessary to select for the variants described by Scherrer & Cohen (1975) and Nicholson et al. (1979) which are capable of replicating on the FHM cell line, and to avoid the accumulation of interferon in virus stocks. Stock virus preparations had titres of 1 x 107 to I × 108 when tltrated on FHM cells, and an efficiency of plating (FHM/CHSE-214) of 0.1 to 0.15. Plaque titrations were carried out under normal atmosphere as described by Migus & Dobos (1980 Effect of temperature on yields oflPNV. To determine the yields of infectious virus obtained at different temperatures, confluent monolayers of FHM cells, 12 to 24 h old, in 35 mm (diameter) tissue culture plates were infected with IPNV at a multiplicity of about 50. Following an adsorption period of 1 h, infected monolayers were washed three times with Earle's balanced salts solution (BSS) and then overlaid with 1.0 ml of medium containing 14 mM-N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES; pH 7.5). All manipulations were carried out with materials equilibrated to the appropriate temperatures. At desired times after infection, plates were removed from the appropriate incubators and the cells and medium were collected and frozen at -70 °C. After one cycle of freeze thaw, to break up the cells, total virus yields were determined on monolayers of CHSE-214 cells.
Protocol for temperature-shift experiments. FHM cells, in HEPES-buffered medium, were seeded into fiat-bottomed, multi-well Linbro trays (24 wells per tray; Flow Laboratories) at a density sufficient to result in confluence after 12 to 24 h incubation at 20 °C. When cells were to be infected at 28 °C, these were allowed to equilibrate to the higher temperature for several h before infection. All inocula, media, and wash solutions (BSS) were equilibrated to the desired temperature prior to the start of any experiment.
Cells were infected with approximately 50 p.f.u./cell in 0.2 ml of inoculum for 1 h. After adsorption, the cells were washed once with BSS, and then irradiated with ultraviolet light from a General Electric G8T5 germicidal lamp, for 20 s at a distance of 20 cm (1-64 x 103 J/m2/s), after which they were overlaid with 0-5 ml of HEPESbuffered medium. If a culture was to be labelled (with [3H]uridine or [3sS]methionine) beginning at the time of the shift, this was accomplished using washes and labelling media equilibrated to the appropriate new temperature. For temperature shifts at later times after infection, temperature equilibration times for the volumes employed here were determined to be about 5 min after shifting the plates to a desired new temperature.
All experiments included a series of controls which were infected and treated in an identical fashion to the test cultures, but were constantly maintained at the permissive temperature. Each experiment also included 28 °C controls and uninfected-cell control(s), where appropriate.
Radio&belling infected-cell proteins. Confluent monolayers of FHM cells, grown in the 2 cm 2 wells of 24-well
Linbro plates were infected at approximately 50 p.f.u./cell in 0.2 ml of inoculum. After an adsorption period of I h, the cells were washed with BSS and the exposed monolayers irradiated as described above, after which they were overlaid with 0.5 ml of HEPES-buffered MEM, supplemented with 2% FCS.
To label cells at any designated time after infection, the overlay was removed, the cells were washed with BSS and then overlaid with 0.2 ml of methionine-free MEM containing 2~ dialysed FCS and 10 ~tCi/ml
[ 35S]methionine. At the end of the labelling period, the overlay was removed and the monolayers dissolved in 0.1 ml of electrophoretic sample buffer [ESB; 0.0625 M-Tris-HCI (pH 6-8), 1% (w/v) SDS, 2% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 0.001% (w/v) bromophenol blue]. Samples so prepared were transferred to 0-4 ml capacity microtubes (Eppendorf), immersed in a boiling water bath for 2 rain, and then stored frozen at -70 °C until required for gel electrophoresis.
In pulse-chase experiments, after the pulse, monolayers were washed with BSS and then overlaid with 0-5 ml of MEM supplemented with 5% FCS and a 103-fold excess of unlabelled methionine. After an 8 h chase, the cells were processed as described above.
Radiolabelling infected-cell RNAs. Monolayers of FHM cells were prepared and treated as described above. The irradiated cells were overlaid with 0-5 ml of MEM containing 5~ FCS. To label the cells at various times postinfection, the overlay was removed and replaced with 0-2 ml of the same medium but containing 10 ~tCi [ 3H]uridine. At the end of the labelling period, the medium was removed and the monolayers were dissolved in 0.1 ml of electrophoretic sample bufffer [ESB-RNA; 0.5 M-Tris-HC1 (pH 6.8), 1~ (w/v) SDS, 0-002 M-EDTA (disodium salt), 1 ~ (w/v) 1, 5-naphthalenedisulphonic acid (disodium salO, 10~ (v/v) glycerol, 1 mg/ml Pronase, 0-001 ~ bromophenol blue]. The cell lysates were forced through a narrow-gauge syringe to shear the DNA, transferred into 0.4 ml capacity microtubes, and incubated at 37 °C for 2 h to permit proteolytic digestion by the Pronase. Sample preparations were stored frozen at -70 °C until required for gel electrophoresis.
Polyacrylamide gel eleetrophoresis of proteins and RNAs. Radioactively labelled proteins were analysed in discontinuous slab gels (Laemmli, 1970) . Gels were stained with Coomassie Brilliant Blue, destained, dried under vacuum, and placed on Kodak X-Omat R film for autoradiography. Electrophoresis of RNA was accomplished using composite polyacrylamide (2 ~)-agarose (0.5 %) gels which were subsequently processed for fluorography as described by Migus & Dobos (1980) . 
Media, reagents, and isolates.
RESULTS
Permissive and non-permissive temperatures for virus replication
In order to establish a framework for these studies, the optimal and supra-optimal (nonpermissive) temperatures for IPNV replication were determined. Yields of virus from infected FHM cell cultures were measured after 24 h of incubation at temperatures ranging from 15 °C to 30 °C. As shown in Fig. 1 , optimal yields oflPNV (1.7 x l07 p.f.u./ml) were obtained at 20 °C; hence that temperature was designated the permissive temperature for virus replication. There was an abrupt drop in virus yields between 24 °C and 28 °C. At temperatures of 28 °C and higher, there was no detectable virus production. At this temperature, IPNV did not produce plaques in monolayers of FHM ceils even after 6 days of incubation, indicating that virus production was totally inhibited and not merely delayed. FV3 successfully formed plaques at this temperature on these cells, even though extended incubation times (6 days) were required for plaques to develop, indicating that the cells remained viable and capable of supporting virus replication during that period. Therefore, 28 °C was designated the non-permissive temperature for IPNV replication.
To ensure that the observed results were not due to temperature-dependent inactivation of virus infectivity, the intrinsic thermolability of IPNV at 28 °C was determined. One half of a stock virus sample was incubated at 20 °C, the other half at 28 °C. Samples were withdrawn from each culture at intervals and titrated for infectivity. During the time period tested (4 days), there was no difference between the infectious titres of the two samples (data not shown). Similarly, the virus adsorption curves at the two temperatures were identical for the 120 min period tested (data not shown), indicating that neither the thermolability of the virus nor its ability to adsorb to FHM cells at 28 °C could account for the temperature-dependent block of virus replication. 
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Effect of temperature shifts (20 °C to 28 °C) on the production of infectious virus
Infected cell cultures were incubated at 20 °C and total virus yields determined at intervals throughout the 24-h growth cycle. Replicate cultures were shifted from 20 °C to 28 °C at different times post-infection, and the virus yield measured at 24 h. The data in Fig. 2 show that a shift to the non-permissive temperature at any time during the growth cycle effected a complete cessation in the production of infectious virus, since yields at 24 h from temperature-shifted cells were the same as at the time of transfer. These results led to the question of whether the shut-off of infectious virus production following a shift to the non-permissive temperature reflect a similar inhibition of virus protein synthesis, virus RNA synthesis, or both. To answer this question, an analysis of the synthesis of virus-specific protein and RNA at the two temperatures, 20 °C and 28 °C, and following temperature shifts was undertaken.
Virus-specific protein and RNA synthesis at 20°C and 28 °C
Analysis of virus-specific macromolecule synthesis in infected cells is complicated by the fact that IPNV does not inhibit cellular protein or RNA synthesis (Nicholson, 1971 ; Dobos, 1977) . Selective inhibition of host-specific protein synthesis in IPNV-infected cells by u.v. irradiation was described by Dobos (1977) . A similar u.v. treatment regime was effective in selective inhibition of host-specific RNA synthesis as well (data not shown). This method resulted in a 0-5 to 1.0 log reduction in virus yield compared to non-irradiated cultures.
When infected, u.v.-irradiated FHM cell cultures were incubated at 20 °C or 28 °C and labelled with [3SS]methionine during the period of most rapid virus-specific protein synthesis (at 20 °C, 8 to 16 h post-infection), and then analysed by PAGE and autoradiography, the polypeptide patterns presented in Fig. 3 were obtained. At 20 °C, all four virus-specific primary gene products were synthesized, and could be identified in the autoradiogram. At the non-permissive temperature, however, synthesis of none of the virus-specific gene products was detected. Neither could the synthesis of any virus-specific polypeptides be detected when infected u.v.- irradiated cells, incubated at 28 °C were pulse-labelled with [3SS]methionine for 2-h periods between 2 and 18 h after infection (Fig. 5a ). When infected, u.v.-irradiated FHM cells incubated at 20 °C or 28 °C were labelled with [3H]uridine from 8 to 18 h, and cell lysates analysed by PAGE and fluorography, the gel patterns shown in Fig. 4 were obtained. At 20 °C, all previously identified virus-specific RNA species (24S mRNA, 14S dsRNA, and the TRI) were synthesized. However, at 28 ~C, the synthesis of a minor amount of 14S dsRNA was detected only in overloaded gels; the other RNA species were absent.
Virus-specific macromolecule synthesis following temperature shifts
In order to evaluate the requirement for ts functions at early times after infection, infected u.v.-irradiated cell cultures were maintained at 20 °C for 2 or 4 h and then 'shifted-up' to 28 °C. As shown in Fig. 5 (c and d) , only very low levels of synthesis of the virus-specific polypeptides ICP 59, ICP 29 and ICP 27 could be detected by pulse-labelling these cultures with [35S]methionine after 'shift-up'. These results demonstrated a requirement for some ts function(s) early in the replication cycle (before 2 h) for virus-specific polypeptide synthesis.
The next question to be considered was: if virus-specific polypeptide synthesis were initiated at the permissive temperature, would this continue when cultures were shifted to 28 °C? The T . E . ROBERTS AND P. DOBOS data in Fig. 6 show that the band intensities of I C P 59, I C P 29 and I C P 27 increased during the first pulse-labelling period after each 'shift-up' (Fig. 6b, c, d ) to levels as great or even greater than those in corresponding controls (Fig. 6a) . This initial rapid increase in virus-specific polypeptide synthesis at the non-permissive temperature was followed in each case by a rapid decline to levels below those obtained at 20 °C.
These results could be explained by postulating that translation of pre-existing m R N A (synthesized before the 'shift-up') was more efficient at 28 °C than at 20 °C. This seems reasonable, 
Yirus-specific RNA synthesis following temperature shifts
The data in Fig. 7 show that only very low levels of synthesis of 24S and 14S virus-specific R N A s occurred in cultures shifted to 28 °C at 2 and 4 h after infection. The TRI was not detected in these fluorograms. It might be expected that the detection of this intermediate species would be dependent upon higher levels of synthesis of 24S s s R N A and 14S dsRNA.
These results complemented data obtained from the previous temperature shift experiments in which protein synthesis was followed (Fig. 5) and provided evidence substantiating the exis-tence of a ts function, which occurred early in the replicative cycle, prior to the initiation of virus-specific macromolecular synthesis.
Temperature 'shift-up' experiments were also undertaken at 8, 10 and 12 h post-infection, that is, after initiation of virus-specific RNA synthesis had taken place at the permissive temperature. The data presented in Fig. 8 show that during the first 2 h after 'shift-up', the rate of 24S mRNA synthesis was similar to that in control cultures. During the next 4 h at the non-permissive temperature, 24S mRNA synthesis declined to negligible levels. The synthesis of 14S dsRNA followed a similar pattern, whereas the synthesis of TRI ceased completely within 4 h. These results indicate that a ts function(s) is operating late in the replication cycle, after initiation of virus-specific RNA and polypeptide synthesis.
DISCUSSION
The production of infectious virus was completely inhibited when infected cultures were shifted from 20 °C to 28 °C at any time during the one-step growth cycle (Fig. 2) . The temperature-dependent block could not be averted by incubating ceils at the permissive temperature prior to shifting to 28 °C. Thus, it was apparent that ts function(s) were required for infectious virus production at all times during the repficative cycle.
When infected cells were shifted to the non-permissive temperature after virus-specific protein and RNA synthesis was under way, the rate of synthesis of virus RNA after 'shift-up' continued to increase for up to 2 h before declining rapidly to low levels (Fig. 8) . This indicated that reinitiation of RNA synthesis, rather than polymerization was affected at the non-permissive temperature.
The time course of virus-specific polypeptide synthesis following temperature shifts did not parallel the time course of 24S mRNA synthesis. The latter was still being synthesized in substantial amounts at a time when polypeptide synthesis had already declined to negligible levels (see Fig. 6c and Fig. 8 d) . This indicated that following a temperature shift, mRNA synthesized de novo was not translated, or was translated with reduced efficiency compared to mRNA produced at 20 °C. Therefore, the non-permissive temperature may affect both mRNA processing (e.g. methylation) and initiation of translation.
Although the constituents of virions (14S dsRNA and virus structural polypeptides) continued to be synthesized in appreciable amounts for several hours after shifts to 28 °C during the later stages of the replicative cycle, infectious virus titres did not increase following similar 'shift-ups'. These results suggested that there may have been a ts event associated with the assembly of infectious particles, although the maturation-associated cleavage of ICP 59 to ICP 58 and the cleavage of ICP 27 to ICP 25 was not affected by the non-permissive temperature (unpublished observation).
The failure of IPNV to replicate at 28 °C may therefore be attributed to multiple ts events. These involve initiation of RNA and protein synthesis, RNA processing and possibly infectious virus assembly.
Alternatively both virus protein and virus RNA synthesis may be sensitive to a single ts step having a compound effect, including assembly of infectious virus. In this context, it is interesting to speculate about the possible role of the recently discovered genome-linked protein (VPg) of IPNV (Persson & Macdonald, 1982) . If the function of this protein is similar to that of VPg of picornaviruses (Wimmer, 1982) , then a functionally defective VPg may be produced at the non-permissive temperature that would be (i) a poor primer for RNA synthesis, (ii) a poor substrate for enzyme(s) that remove it from mRNA before translation (hence the production of untranslatable mRNA) and (iii) an inactive genomic VPg if it played any role in encapsidation. Thus the thermal inactivation of VPg of IPNV could repress virus replication at several steps as observed in this study.
The temperature sensitivity of IPNV replication may explain why this virus causes disease in 'cold water' fishes such as trout and salmon but not in 'warm water' fish populations.
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